Abstract. Death-associated protein kinases (DAPKs) are members of the serine/threonine protein kinase family, which regulate cell death. Although DAPK3 has been implicated as a tumor suppressor, a recent study revealed an oncogenic role of DAPK3. However, the role of DAPK3 in non-small cell lung cancer (NSCLC) remains unclear. Therefore, we examined whether DAPK3 controls the progression of NSCLC using the NSCLC cell line, A549. We generated A549 cells stably expressing small hairpin RNA (shRNA) targeting DAPK3. In the A549 cells, the protein level of DAPK3 was decreased and the cell proliferation was inhibited. DAPK3 knockdown caused G 1 /G 0 cell cycle arrest as assessed by flow cytometric assay and reduced cyclin D1 expression in A549 cells. Phosphorylation of ERK and c-Myc, but not Akt and JNK, was inhibited by DAPK3 knockdown. Cell migration and invasion were also inhibited by DAPK3 knockdown as determined by a Boyden chamber assay and an invasion assay, respectively. Moreover, DAPK3 knockdown inhibited anchorage-independent cell growth as determined by soft-agar colony formation assay. In a mouse xenograft model, tumors derived from DAPK3-knockdown cells exhibited reduced tumor growth. The present results demonstrated for the first time that DAPK3 controls proliferation, migration, invasion, soft-agar colony formation and tumor growth through activation of ERK/c-Myc signaling in A549 cells. These findings indicate that DAPK3 may be a novel target for the treatment of NSCLC.
Introduction
Lung cancer is one of the most common types of cancer and the leading cause of cancer-related deaths worldwide (1, 2) . Lung cancer is classified into two groups. One is small cell lung cancer and the other is non-small cell lung cancer (NSCLC). NSCLC includes squamous cell carcinoma, adenocarcinoma and large cell carcinoma, which account for 80-85% of all lung cancer cases (1) . Although there has been a significant development in the therapies of NSCLC for decades, the 5-year survival rate is still less than 15% (3) . Therefore, new therapeutic targets are required to improve survival and quality of life.
Death-associated kinase 3 (DAPK3) is a member of the DAPK family. The DAPK family also includes DAPK1 and DAPK2. These proteins contain a similar N-terminal kinase domain and play a role in the induction of cell death (4) . Moreover, DAPK3 was found to mediate DAPK1-induced apoptosis in HEK 293T cells (5) , and to promote starvationinduced autophagy, an alternate type of programmed cell death, through the regulation of Atg9-mediated autophagosome formation (6) . Furthermore, the expression of DAPK3 was found to be decreased in several squamous cell carcinomas (7, 8) . In view of this evidence, DAPK3 has been regarded as a tumor suppressor.
In contrast, a recent study showed that DAPK3 promotes cancer cell proliferation rather than the induction of apoptosis in various cancer cell lines. In prostate cancer cells, DAPK3 promoted cell proliferation through the activation of the androgen receptor (9) . In gastric cancer cells, overexpression of DAPK3 propagated cell proliferation, migration and invasion via activation of Akt and NF-κB signals and promotion of stemness (8) . Furthermore, knockdown of DAPK3 prevented cell proliferation in colon cancer cells through the inhibition of Wnt/β-catenin signals (10) . These studies suggest the possibility of DAPK3 as a novel therapeutic target of cancer.
Death-associated protein kinase 3 controls the tumor progression of A549 cells through ERK MAPK/c-Myc signaling
In lung cancer tissues, the DAPK3 gene was heterozygously mutated at a frequency of 3.2% (11) . Nevertheless, it remains to be clarified how the wild-type DAPK3 gene controls NSCLC pathogenesis through a signaling pathway. We therefore examined whether knockdown of the DAPK3 gene affects NSCLC progression via cellular signaling. To the very best of our knowledge, in the present study we demonstrated for the first time that the DAPK3 gene regulates cell proliferation, migration and invasion through ERK/c-Myc signaling in A549 cells. It was also established that the DAPK3 gene plays a role in the tumor growth of A549 cells in vivo.
Materials and methods
Materials. Antibody sources were as follows: phospho-ERK, phospho-Akt, total-ERK, total-JNK, total-Akt, totalc-Myc (Cell Signaling Technology, Inc., Danvers, MA, uSA); phospho-c-Myc (Bio Academia, Inc., Osaka, Japan); phospho-JNK (Promega, Madison, WI, uSA); total-VCP (GeneTex, Inc., Irvine, CA, uSA); total-cyclin D1 (Bioss, Inc., Woburn, MA, uSA). Total-DAPK3 was provided by Dr Tachibana (Osaka City university, Japan).
Cell culture. A549 (human lung adenocarcinoma) cells were kindly provided by Dr B. Shimizu (Yamaguchi university, ube, Japan). A549 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS; Invitrogen, Carlsbad, CA, uSA).
Short hairpin (sh)RNA and lentivirus production. Human DAPK3 small hairpin RNA (shRNA) and shNon target (shNT) expressing cells were produced as previously described (12) . Briefly, shRNA complementary DNA strands (shNT, 5'-CAACAAGATGAGAGCACCA-3'; shDAPK3, 5'-GACGG ACGTGGTCCTCATC-3') were annealed and ligated into MluI/ClaI sites of the pLV-mC vector (Takara, Tokyo, Japan). To produce lentiviruses, 1 µg of pLV-mC, 0.77 µg of a packaging plasmid (psPAX2) and 0.43 µg of a protein-coated plasmid expressing vesicular stomatitis virus G protein (pMD2.G) were transfected into Lenti-X 293T cells using 2.5 µl of PEI Max (Polysciences, Inc., Warrington, PA, uSA) dissolved in 333 µl of Opti-MEM (Invitrogen). After 48 h, viral supernatants were collected and filtered. A549 cells were treated with them for 8 h.
Cell proliferation analysis. Cells (1x10 4 ) were seeded on a 12-well culture plate. Cell proliferation was examined by cell counting using Cell Counting Kit-8 (CCK-8; Dojindo, Kumamoto, Japan) as previously described (13, 14) . The absorbance of the medium at 450 nm was read on a standard plate reader (Beckman Coulter Du-800; Beckman Coulter, Inc., Brea, CA, uSA).
Flow cytometry. After A549 cells expressing DAPK3 shRNA or shNT were seeded at a density of 2x10 5 cells on a 6-well plate and incubated for 24 h, they were trypsinized and collected into a 1.5 ml tube. After the cells were fixed with 70% ethanol for 20 min at -20̊C, they were washed with HEPES-buffered saline (HBS) and treated with RNase Staining Solution (200 µg/ml; Cell Signaling) for 30 min. Next, they were washed with HBS and stained with propidium iodide (50 µg/ml; Cell Signaling) for 30 min at room temperature in the dark. The cell cycle data were obtained using BD Accuri™ C6 (BD Biosciences, San Jose, CA, uSA). In addition, the cell population data were analyzed using BD Accuri software.
Western blotting. Western blotting was performed as previously described (14) . Protein lysates were obtained by homogenizing cells with Triton-based lysis buffer [50 mM Tris-HCl (pH 8.0), 5 mM EDTA, 5 mM EGTA, 1% Triton X-100, 1 mM Na 3 VO 4 , 20 mM sodium pyrophosphate and Roche Complete protease inhibitor mixture]. Loading proteins (20-40 µg) were separated by SDS-PAGE (10%) and transferred to a nitrocellulose membrane (Wako, Osaka, Japan). After being blocked with 3% bovine serum albumin or 0.5% skim milk, the membranes were incubated with primary antibodies at 4̊C overnight. Then, the membranes were treated with secondary antibodies (1:10,000 dilution, 1 h) and ECL Pro (PerkinElmer, Freiburg, Germany). The results were visualized using LAS-3000 (FujiFilm, Tokyo, Japan) and quantified using ImageJ densitometric analysis software (National Institutes of Health, Bethesda, MD, uSA).
Boyden chamber and invasion assays. The Boyden chamber assay was performed as previously described (12, 15) . After membranes were coated with 2% gelatin (for the Boyden chamber assay) or 2% Matrigel (for the invasion assay), A549 cells expressing DAPK3 shRNA or shNT were seeded at a density of 1x10 4 cells in the upper chamber. To migrate the cells, 600 µl of medium with 10% FBS was added to the lower chamber. The membranes to which the cells migrated or invaded were fixed with methanol for 15 min and stained with Giemsa solution. The numbers of migrated and invaded cells through the membranes were counted under a light microscope and averaged.
Colony formation assay. The colony formation assay was performed as previously described (12) . Cells (1x10 3 ) were seeded on a 60-mm dish and cultured for 1 week. After the cells were fixed with 99.5% ethanol, colonies were stained with Giemsa. The number of surviving colonies was counted.
Soft-agar colony formation assay. For the soft-agar colony formation assay, 2x10 3 cells were seeded in 1.5 ml top agar (DMEM containing 10% FBS, 2.8% NaHCO 3 , 1X antibiotic/antimicotic and 0.36% agarose) on a 2.5 ml bottom layer of solidified bottom agar (DMEM containing 10% FBS, 2.8% NaHCO 3 , 1X antibiotic/antimicotic and 0.75% agarose) in a 6-well culture plate and cultured for 3 weeks. Colonies were stained with crystal violet solution and the number of colonies was counted.
Mouse xenograft assay. NOD.CB17 mouse Prkdc scid /J mice were obtained from Japan SLC (Hamamatsu, Japan). All studies involving mice were conducted according to the Guide to Animal use and Care of the Yamaguchi university and approved by the Ethics Committee. After A549 cells expressing shDAPK3 or shNT were subcutaneously injected into the flanks of NOD/SCID mice (5-6 weeks, 1x10 6 cells each), the tumor volumes were measured every week for 6 weeks and estimated using the following formula: Tumor volume = 0.5 x (length x width 2 ). Subsequently, the mice were euthanized, the tumor tissues were isolated and the tumor weights were assessed.
Statistical analysis. Data are shown as the means ± SEM. Statistical evaluations were performed using Student's t-test between two groups. Values of P<0.05 were considered statistically significant.
Results

Effects of DAPK3 gene knockdown on proliferation of A549 cells.
Since several studies have shown that the DAPK3 gene is mutated in several types of cancer cells (11), we investigated whether DAPK3 is mutated in A549 cells. No DAPK3 mutation was observed in the A549 cells (data not shown). To clarify the role of the wild-type DAPK3 gene in NSCLC, we generated DAPK3 shRNA-expressing A549 cells. We confirmed that the expression of the DAPK3 protein was significantly decreased in the shDAPK3-expressing A549 cells compared with the shNTexpressing cells (Fig. 1A) . In order to examine the effects of DAPK3 gene knockdown on A549 cell proliferation, we used a cell counting assay. The cell proliferation at day 4 was significantly lower in the DAPK3-knocked down cells compared with the proliferation of the shNT-expressing cells (Fig. 1B) .
Effects of DAPK3 gene knockdown on cell cycle arrest in A549 cells. We next performed cell cycle analysis by flow cytometry. In the DAPK3-knockdown A549 cells, the number of cells in the G 0 /G 1 phase was significantly increased and the number of cells in the S phase was significantly decreased (Fig. 1C) . We further examined the effects of DAPK3 gene knockdown on the expression of a cell cycle regulatory protein, cyclin D1, which regulates progression of the G 1 phase (16). Expression of cyclin D1 was significantly decreased in the DAPK3-knockdown A549 cells (Fig. 1D) .
Effects of DAPK3 gene knockdown on proliferation-related signals in A549 cells. We next examined whether DAPK3 mediates the proliferation-related signals in A549 cells. Phosphorylation of ERK and c-Myc was significantly inhibited by DAPK3 gene knockdown ( Fig. 2A and B) . In contrast, DAPK3 gene knockdown had no effect on the phosphorylation of Akt and JNK (Fig. 2C and D) . 
Effects of DAPK3 gene knockdown on migration, invasion and colony formation in A549 cells. Cell migration and invasion are essential for tumor metastasis (17)
. We thus examined the effects of DAPK3 gene knockdown on the migration and invasion of A549 cells. DAPK3 gene knockdown significantly inhibited cell migration (Fig. 3A) and invasion (Fig. 3B) . Since cell colonization is also an important step in tumor metastasis (18), we examined the effects of DAPK3 gene knockdown on colony formation in A549 cells. Both anchorage-dependent colony formation (Fig. 4A ) and anchorage-independent colony formation in soft-agar (Fig. 4B) were decreased by DAPK3 gene knockdown.
Effects of DAPK3 gene knockdown on tumor growth in a xenograft mouse model. We finally examined whether DAPK3 gene knockdown inhibits tumor growth in vivo. Injection of DAPK3 shRNA-expressing A549 cells into immunodeficient mice significantly slowed down tumor growth (Fig. 5A and B) and decreased tumor weight (Fig. 5C) .
Discussion
In the present study, we examined whether DAPK3 mediates the tumor progression of A549 cells. The major findings of the present study are that the knockdown of the DAPK3 gene inhibited proliferation, cell cycle and activation of ERK and c-Myc (Figs. 1 and 2) . It was also found that the knockdown of the DAPK3 gene inhibited migration and invasion ( Fig. 3A and B) . In addition, we showed that the knockdown of the DAPK3 gene inhibited colony formation ( Fig. 4A and B) . It was also shown that the knockdown of the DAPK3 gene slowed down tumor growth in a mouse xenograft model (Fig. 5) . Collectively, our results indicate that DAPK3 mediates the tumor progression of A549 cells via cell proliferation, migration, invasion and colony formation through the activation of ERK/c-Myc signals.
In the present study, we showed that DAPK3 gene knockdown inhibited cell proliferation in A549 cells (Fig. 1) . Since several studies have shown that DAPK3 has a pro-apoptotic effect on cancer cells (19) , DAPK3 has been regarded as a tumor suppressor in various tumors. However, accumulating evidence has revealed that DAPK3 alternatively promotes cancer cell proliferation in some cancer cell lines. In human colon carcinoma cells, knockdown of the DAPK3 gene inhibited proliferation through the inhibition of Wnt/β-catenin signaling (10) . In gastric cancer cell lines, overexpression of DAPK3 promoted proliferation through the upregulation of Akt and NF-κB signaling (8) . The results of the present study concur with these studies. In the same study, the expression of DAPK3 in primary gastric tumor tissues was lower compared with non-tumor tissues. However, the expression of DAPK3 increased in metastatic tissues compared with primary tumors. These clinical data suggest that DAPK3 may change into a tumor promoter from a tumor suppressor during the course of gastric tumor progression. Therefore, we speculate that DAPK3 also acquires a role as a metastatic promoter in the progression of NSCLC. Further clinical study on the correlation of DAPK3 expression and lung cancer metastasis may be required.
In NSCLC, KRAS mutations were observed at a frequency of ~30% (20) . KRAS mutations were also identified in A549 cells which are used in the present study (21) . Mutated KRAS increases its activity and promotes cell proliferation through the interaction with Raf, which causes activation of MEK/ERK signaling (22) . In the present study, we demonstrated that DAPK3 gene knockdown inhibited ERK activity in A549 cells (Fig. 2) . Nevertheless, it was unclear how DAPK3 controls ERK activity. In several cell lines, DAPK3 is regulated by DAPK1 (23) and a recent study showed that Raf interacts with DAPK1 in mitochondria, whose interaction increases reactive oxygen species (ROS) production (24) . In addition, it was reported that inhibition of ROS prevented ERK signaling in A549 cells (25) . In the previous study, we showed that DAPK3 promoted TNF-α-induced activation of JNK, p38 and Akt through ROS generation (26) . Considering these data, DAPK3 may mediate the interaction between Raf and DAPK1, which promotes ROS production and ERK activity in KRASmutated NSCLC cells.
Metastasis is responsible for the low 5-year survival rate of NSCLC (27) . Migrated cancer cells gradually invade into blood or lymphatic vessels, which extravasate into distant tissue. In the previous study, we demonstrated that DAPK3 mediates platelet-derived growth factor BB-induced migration of vascular smooth muscle cells through p38/HSP27 signals (15) . Another study showed that DAPK3 promoted migration and invasion of gastric cancer cell lines via activation of Akt and NF-κB signals (8) . In the present study, we found that DAPK3 gene knockdown inhibited migration and invasion of A549 cells (Fig. 3A and B) . In addition, DAPK3 gene knockdown inhibited phosphorylation of ERK ( Fig. 2A) but not p38 and NF-κB (data not shown) in A549 cells. Since ERK signaling regulates not only cell proliferation, but also migration and invasion of A549 cells (25) , we hypothesize that DAPK3 mediates migration and invasion through ERK activity in the A549 cells. These data imply that DAPK3 plays a significant role in the metastasis of NSCLC.
Cancer stem cells have self-renewal potential and are able to form new tumors. A recent study showed that overexpression of DAPK3 increased colony formation of gastric cancer cells through the upregulation of stemness-related gene expression (8) . In the present study, we showed that knockdown of the DAPK3 gene inhibited fossil formation and soft-agar colony formation ( Fig. 4A and B) . Although we did not investigate whether DAPK3 gene knockdown affects the expression of stemness-related genes in A549 cells, these results imply that DAPK3 regulates stemness of lung cancer cells, which leads to the formation of new tumors.
Although a previous study showed that overexpression of mutated DAPK3 promotes proliferation of lung cancer cells (11) , it has not been determined whether DAPK3 mediates tumor growth in vivo. To the very best of our knowledge, in the present study we demonstrated for the first time that tumor growth of A549 cells was slowed down by DAPK3 gene knockdown in a mouse xenograft model (Fig. 5) . While investigating whether DAPK3 is mutated in A549 cells, we observed no DAPK3 mutation (data not shown). Therefore, we speculated that wild-type DAPK3 functions as an oncogene in the course of tumor growth in NSCLC. Further clinical investigations may be needed to confirm this theory.
In summary, to the very best of our knowledge, in the present study we demonstrated for the first time that DAPK3 controls proliferation, migration and invasion of A549 cells. It was also suggested that DAPK3 may be responsible for tumor growth and metastasis. Further studies on DAPK3 may contribute to the development of new therapies and knockdown of the DAPK3 gene may become a new strategy used in non-small lung cancer.
